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ABSTRACT  
   
Stress corrosion cracking (SCC) is a materials degradation phenomena resulting 
from a combination of stress and a corrosive environment. Among the alphabet soup of 
proposed mechanism of SCC the most important are film-rupture, film-induced cleavage 
and hydrogen embrittlement. 
This work examines various aspects of film-induced cleavage in gold alloys for 
which the operation of hydrogen embrittlement processes can be strictly ruled out on 
thermodynamic grounds. This is so because in such alloys SCC occurs under 
electrochemical conditions within which water is stable to hydrogen gas evolution. The 
alloy system examined in this work is AgAu since the corrosion processes in this system 
occur by a dealloying mechanism that results in the formation of nanoporous gold. The 
physics behind the dealloying process as well as the resulting formation of nanoporous 
gold is today well understood.  
Two important aspects of the film-induced cleavage mechanism are examined in 
this work: dynamic fracture in monolithic nanoporous gold and crack injection. In crack 
injection there is a finite thickness dealloyed layer formed on a AgAu alloy sample and 
the question of whether or not a crack that nucleates within this layer can travel for some 
finite distance into the un-corroded parent phase alloy is addressed. Dynamic fracture 
tests were performed on single edge-notched monolithic nanoporous gold samples as well 
as “infinite strip” sample configurations for which the stress intensity remains constant 
over a significant portion of the crack length. High-speed photography was used to 
measure the crack velocity. In the dynamic fracture experiments cracks were observed to 
travel at speeds as large as 270 m/s corresponding to about 68% of the Raleigh wave 
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velocity. Crack injection experiments were performed on single crystal Ag77Au23, 
polycrystalline Ag72Au28 and pure gold, all of which had thin nanoporous gold layers on 
the surface of samples. Through-thickness fracture was seen in both the single crystal and 
polycrystalline samples and there was an indication of ~ 1 μm injected cracks into pure 
gold. These results have important implications for the operation of the film-induced 
cleavage mechanism and represent a first step in the development of a fundamental 
model of SCC. 
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CHAPTER 1 
INTRODUCTION 
1.1 Stress Corrosion Cracking 
Stress corrosion cracking (SCC) is a form of materials failure occurring under both a 
corrosive environment and tensile stress. It is an important materials failure mechanism 
in all metallic alloys that are currently used in many structural applications including 
components in nuclear and conventional power generating stations, aircraft components, 
petroleum pipelines, potable water pipelines, etc. Currently empirically-based models are 
used in the nuclear industry to “predict”the life time of components, but since these 
systems are being used well beyond the original design lifetimes a more fundamental 
understanding of SCC mechanisms is necessary. Among the alphabet soup of proposed 
mechanisms of SCC the most important are film-rupture, film-induced cleavage and 
hydrogen embrittlement. A well-known problem with the film rupture mechanism is for 
many metallic alloy systems it underestimates the rate of SCC by several orders of 
magnitude. The film-induced cleavage mechanism was developed in order to address this 
serious shortcoming. People may ask why we study SCC as a topic instead of 
categorizing it to either chemical attack or purely mechanical failure. It is not wise to put 
SCC into either of these categories since the rate of SCC propagation is lower than that in 
purely mechanical failure but too high for normal chemical attack [1]. SCC can happen in 
alloys with impurities, like N in stainless steel, and in solid solution alloys, like silver-
gold alloy. SCC can cause unexpected and apparently sudden brittle failure of normally 
ductile materials like stainless steels, brass and nickel based alloys. 
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To understand SCC, we need to consider it word by word: 
Cracking – the development of a crack usually involves two stages: initiation and 
propagation. What causes the initiation of the crack and what aids the propagation of the 
crack? 
Corrosion – what environmental reactions cause the initiation and the propagation of the 
crack and what role does structure, i.e., grain boundaries, dislocations, precipitates and 
interfaces, play in these reactions? 
Stress – what role does stress or stress state play in the initiation and the propagation of 
the crack? 
Most metals that undergo SCC are known to form surface films [2]. These films can be 
layers of adsorbed species of the electrolyte, passive layers, tarnishing layers by a 
corrosion reaction, and undissolved or re-deposited components of the alloy. How can 
this “thin” layer of surface film cause the failure of the whole structure under stress? In 
corrosive environment, it is easy to form a so-called embrittled zone and such a zone can 
crack under tensile load. If this zone is large enough for brittle crack to form and obtain a 
critical velocity, the crack can emerge into the un-corroded parent phase metal [3]. In the 
case of alpha-brass and similar alloys, inhomogeneous plastic deformation concentrates 
the applied stress so that a crack forms as a result of cohesion breakdown [3]. The crack 
will travel until it meets a softened slip band. Some of the stress can be relieved since 
hardening probably takes place locally and the corrosive environment dissolves the 
metals in the heavily worked slip bands, opening a slit. Further slips in the bands then 
restrain the dislocations into the slit and once the stress concentrated has reached a 
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sufficient level, it will re-initiate a new fracture process. In the above case, we see that 
cracks progress in short brittle fractures and that corrosion aids the initiation of brittle 
fracture or the breakdown of surface film. 
Optical microscope studies have shown that cracks may nucleate at grain boundaries, 
twin boundaries, slip steps, etc. and that the cracks can be intergranular, transgranular or 
a mixture of both. Electron microscope studies have shown that the dissolution process is 
localized to a 10 to 1,000 atoms diameter region but not necessarily at a location 
corresponding to existing dislocations and that cracks are most likely to nucleate at active 
slip steps that emerge upon slip through a passive film or layer [4].  
In order for SCC to happen, two conditions should be satisfied. Firstly, the chemical 
environment should lead to enough embrittlement for the initiation of a crack. Secondly, 
the alloy should have the right mechanical properties for the propagation of the crack 
once it starts [3].  
The film rupture model is one of the mechanisms for SCC that involves surface films. If 
an unprotected surface of a metal or an alloy is exposed to a corrosion environment (e.g., 
an aqueous solution), anodic dissolution will happen, followed by the formation of an 
oxide or hydroxide film. Under an applied tensile stress/strain this film ruptures exposing 
a “clean” metal surface to the corrosive environment. This clean metal surface undergoes 
a short-lived transient anodic dissolution process and re-passivates. The above process 
will repeat until the material finally fractures or the corrosion environment no longer 
exists. This film rupture model was first proposed by Logan [5].  
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Vermilyea [6] believed the amount of strain required to rupture the crack tip film is 
determined by the film ductility and that the strain is provided by a transient creep 
process. His model builds a relationship between crack tip advance by corrosion and 
accumulated crack tip creep strain using the Dugdale model and its 1/r dependence on 
strain.  
As illustrated in Figure 1.1, when the material goes through stress corrosion cracking, the 
corrosion advances the crack tip a distance of L within a dissolution period of tL prior to 
re-passivation. Following this advance, the material ahead of the new position of the 
crack tip will feel a strain transient Δϵ (Figure 1.2). Once the new film accumulates the 
enough strain (ϵc) the film ruptures and a new dissolution transient occurs. This whole 
process repeats with over a time scale of tc. The crack propagation rate can then be 
calculated as l. = L
tc
. It is easy to get ϵc, tL, and 𝐿 through experiment but hard to estimate tc. So a realistic objective is to make rough quantitative estimate of strain increments via 
the applied stress intensity factor and 𝐿min (the minimum crack advance per film rupture 
event that allows for crack propagation). The Dugdale model and 𝑟−1 strain dependence 
allows for an estimate of the minimum value of crack advance per film rupture event and 
the minimum value of stress intensity required for this stress corrosion mechanism to 
operate. Since this model assumes a sharp strain gradient, the calculated 𝐿min and 𝐾SCC 
can serve as a lower limit and help decide how to prevent stress corrosion cracking. 
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Figure 1.1. Time dependence of strain and corrosion following film rupture (adapted 
from[6]). 
 
 
Figure 1.2. The relationship of the creep strain increment 𝚫𝚫 and anodic dissolution crack 
advance distance, 𝑳 (adapted from [6]). 
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A well-known problem with the film rupture mechanism is for many metallic alloy 
systems it underestimates the rate of SCC by several orders of magnitude. 
Film induced cleavage occurs when a material is exposed to a corrosive environment that 
produces a thin brittle layer that serves to nucleate a high-speed crack. The films can be 
oxides, chlorides, nitrides or porous metallic layers. The high-speed cracks are 
hypothesized to inject into un-corroded bulk parent-phase material. Regarding the 
possible operation of this mechanism, there are three key questions:  
1. How fast does the crack travel in the brittle layer?  
2. Can such a crack be injected to un-corroded parent phase, and if so  
3. How deep is the penetration?  
The crack travels from the film to the substrate through the interface. So what 
requirements need to be met for the crack to go through the interface? In the case of iron, 
when the hard film thickness is larger than 2 units of burger’s vector length and the ratio 
of shear modulus of film over that of substrate is larger than 3.5, the crack in the film will 
show brittle behavior (Figure 1.3). If weak interfaces are close to the crack tip, the hard 
film will tend to aid the fracture at the interfaces [7].  
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Figure 1.3. Schematic illustration of a matrix with a hard film. 
Theoretically, the longer the crack, the deeper the crack will penetrate into the bulk [8]. 
Current theory is based on an energy balance involving the kinetic energy of the moving 
crack and dissipation connected to dislocation emission yielding and the following 
equation for the change in crack velocity 𝛿𝛿 per characteristic advance distance 𝛿𝛿, 
 𝛿𝛿 = 𝑣𝑚2
𝑣𝑐
𝐸2𝑏2
32𝜋𝜋𝑘𝐺
2
1
𝛽2(1+𝜈) ln � 𝑟𝑟0� − 𝑣𝑐𝜋 𝛿𝛿, (1) 
where 𝛿𝑐 is the crack velocity, 𝛿𝑚 is the Rayleigh velocity, E is the Young’s modulus, b is 
the Burger’s vector, 𝑘𝐺 is the stress intensity defined by Griffith criteria, 𝜈 is the 
Poisson’s ratio, 𝑟 is of order the crystallite size, 𝑟0 is the core radius of a dislocation and 
𝛽2 is a relativistic term connected to the dislocation speed and is taken as a constant. 
Equation 1 describes the situation where one dislocation is emitted per Burger’s vector 
crack advance. Figure 1.4 shows the effect of crack velocity on the crack penetration 
depth when the initial crack length is 1 mm [9].  
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Figure 1.4. Effect of crack velocity on the crack penetration depth when the initial crack 
length is 1 mm and one dislocation is emitted per Burger’s vector crack advance [9]. 
 
1.2 Dynamic Fracture 
Physicists and engineers have been looking into brittle fracture in solids for many years. 
Theoretical models have been set up and experiments and numerical simulations have 
been performed to understand the fundamental physics and mechanics of dynamic 
fracture. Current theory of dynamic fracture is associated with a continuum model, which 
states that the stress field in the vicinity of a dynamic crack is [10]:  
 
𝜎αβ(𝑟, 𝜃) = 𝐾𝐼dyn(𝑡, 𝛿)
√2πr 𝛴𝐼αβ(𝜃;𝛿) (2) 
where 𝐾 is the dynamic stress intensity factor for opening mode loading, 𝑟 and 𝜃 are 
polar coordinates from the crack tip, 𝛴 is non-dimensional and 𝛿 is the crack speed. In the 
study of dynamic fracture, the main purpose is to characterize the stress/strain field based 
on the given loading condition. 
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In experimental investigations, high-speed cameras are used a lot in determining the 
crack speed. Wallner lines [11] – characteristic undulations on the fracture surface due to 
the interaction between the moving crack and the shear waves from the fracture – can be 
used together with the a high-speed camera to determine the crack speed. Kerkhof 
developed this idea and demonstrated that by imposing a small-amplitude high-frequency 
stress wave, the generated ripple marks can be analyzed at high magnification post 
mortem [12]. The crack speed can also be measured by an electrical resistance grid 
technique, where a number of electrical wires are placed across the crack path [13]–[17]. 
Since this method uses electrical signal, more data can be generated and in the case of 
thin films, the speed can be determined from the impedance, which depends on the film 
thickness, crack length and crack opening [18]–[20]. From the crack speed measurement, 
three major conclusions can be drawn [21]: 1) there is an upper limit for crack speed; 2) 
this limiting speed is significantly lower than the Rayleigh velocity; 3) this limiting speed 
is material dependent and is not a fixed fraction of Rayleigh velocity. 
Theoretical models have been set up to explain this limiting speed at different scales, 
from atomistic and lattice models, micro-cracking and fracture process based models, to 
finite element models. All of these models predict a limiting speed. Among these models, 
the atomistic and lattice models and the finite element models suggest that the instability 
of crack path is driven by the inertial rearrangement of stress at the crack tip and the 
deformation fields at high crack speeds, while the micro-cracking and fracture process 
based models suggest that this instability in crack path is driven by the changes in the 
fracture process zone evolution. [21] 
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Since in the film induced cleavage mechanism, a high-speed crack nucleates in the 
porous layer, it is necessary to assess the dynamic fracture within the porous layer.  
When a crack travels through the sample, two new surfaces form at an energy cost. The 
Griffith criterion [22] describes the energy balance for crack stability. Irwin [23] showed 
that the energy release rate 𝐺, given in plain strain is:  
 𝐺𝑣→0 = 1−𝜈2𝐸 𝐾𝐼2, (3) 
where 𝐸 is the Young’s modulus, 𝜈 is Poisson’s ratio and 𝐾𝐼 is the stress intensity in 
mode 𝐼. To initiate a crack, the strain energy release rate should balance the energy 
dissipated per unit crack length (𝛤): 
 𝐺𝑣→0 = 1−𝜈2𝐸 𝐾𝐼2 = 𝛤𝑣→0. (4) 
During the propagation of the crack the energy balance condition, 𝐺(𝛿)  =  𝛤(𝛿), must 
be satisfied. In an infinite medium under a constant tensile stress 𝜎∞ applied on the 
system’s vertical boundaries, the dynamic energy release rate is given by [10]:  
 𝐺(𝛿, 𝛿) = 1−𝜈2
𝐸
𝐾𝐼
2(𝛿, 𝛿)𝐴𝐼(𝛿), (5) 
where 𝐴𝐼(𝛿) is a universal function of the crack’s instantaneous speed and 𝐾𝐼(𝛿, 𝛿) =
𝐾𝑠(𝜎∞, 𝛿)𝑘(𝛿). Here, 𝐾𝑠(𝜎∞, 𝛿) is the static stress intensity factor of the general form 
�
8
𝜋
𝜎∞√𝛿. 𝐺(𝛿, 𝛿) can be written as [24]:  
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 𝐺(𝛿, 𝛿) ≈ 1−𝜈2
𝐸
8𝜋
𝜋
𝜎∞
2 (1 − 𝑣
𝑐𝑅
). (6) 
where 𝑐𝑅 is the Rayleigh velocity of the material. Once 𝛤(𝛿) is known, energy balance 
𝐺(𝛿, 𝛿) = 𝛤(𝛿) yields the equation of motion. In an infinite medium under constant 
stress, 𝐺(𝛿, 𝛿) should stay finite as 𝛿 goes to infinity. Hence, the term 1 − 𝑣
𝑐𝑅
 is the only 
factor to maintain the energy balance. In other words, 𝛿 should increase monotonically to 
Rayleigh velocity as 𝛿 goes infinite.  
The above discussion is for a system without boundaries. If we are dealing with a finite-
size sample, in the form of an experimental realization of “infinite strip” geometry the 
elastic waves initiated at the moving crack tip will reflect from the vertical sample 
boundaries and interact with the crack tip. The time 𝑡 for the crack to interact with its 
history is about 2𝑏
𝑐𝑠
, where 𝑐𝑠 is shear velocity and 2b is the width of the strip [24].  
In an experimental realization of the “infinite strip” geometry, the length of the strip, 𝐿 
should be 6𝑏 or larger for polyacrylamide (L, b shown in Figure 1.5) [24]. The strain 
energy release rate 𝐺 can be calculated from [24], [25]:  
 𝐺 ≈ 𝑊(1 − 𝑏?̇?
𝑐𝑙
2
1
�1−�
𝑣
𝑐𝑅
�
2
�
2), (7) 
where 𝑊 is the stored elastic energy per unit area defined by the area under the stress-
displacement curve, 𝑐𝜋 is the longitudinal sound velocity in the sample and 𝐺 is the 
velocity dependent fracture toughness. Here 𝑏?̇?
𝑐𝑙
2 is a dimensionless acceleration term. The 
above equation was derived under the assumption that this term is << 1. A crack will 
12 
 
propagate when the strain energy release rate (𝐺) is equal to the energy dissipated per unit 
crack length (𝛤). However, 𝐺 is always larger that 𝛤 at initiation so the crack does not 
accelerate from zero velocity [26]. The starting value of the velocity is a function of the 
applied stress intensity. In an overstressed system, 𝑊 can be larger than 𝛤. The time 
derivative of velocity 𝛿 ̇ will be larger than zero and the crack will accelerate to the 
steady-state velocity. 
 
Figure 1.5. Schematic illustration of the “infinite strip” sample. 
 
1.3 Crack Injection 
To test whether the brittle layer can serve to inject a crack into a ductile parent phase 
face-centered cubic alloy, “single-shot” crack injection experiments have been carried 
out. The idea is to explicitly separate the mechanical component of the cracking from any 
corrosion or stress corrosion process. In such an experiment, a sample is dealloyed to 
form nanoporous thin film under a “zero stress” condition. Then the sample is loaded 
rapidly while the potential is maintained. Rapid loading is necessary to minimize the 
duration of any stress corrosion process that may occur in the system and to prevent 
significant coarsening of the porous film. Other steps can be inserted between dealloying 
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and rapid loading to more thoroughly eliminate the possibility of stress corrosion during 
loading. For example, the sample can be taken out of the electrolyte and rinsed with 
nano-pure water. Or the potential can be maintained at a lower value for some time to 
prevent faradaic reactions. However, these steps will result in coarsening of the 
nanoporous layer and the injected distances will likely be smaller than those in the 
experiment without any steps between dealloying and load application [27], [28]. 
Continuum mechanics and/or finite element approaches have been used to study crack 
injection in fiber-reinforced composites [29]–[33]. Crack injection is an important issue 
in these materials since crack deflection at the matrix/fiber interface serves as a 
toughening mechanism (Figure 1.6). The important parameters in these problems are the 
toughness of the fiber/matrix interface and the angle that the traveling crack makes with 
the interface as this angle controls the proportion of opening mode and in-plane shearing 
mode of the interface. Siegmund et al looked into the case where a crack travels from an 
iron carbide particle into ferrite [33]. They modeled a bi-material system that has uniform 
elastic properties of an elastic material and an elastic viscoplastic material. A key 
parameter that controls the crack injection is whether the crack obtains enough speed for 
the viscoplastic material in the near-tip region to enter an enhanced strain-rate hardening 
state. 
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Figure 1.6. Schematic illustration of crack in fiber-reinforced composite (adapted from 
[34]). 
 
1.4 Nanoporous Gold 
Dealloying is the selective dissolution of the less noble component(s) from an alloy. 
Dealloying in a metal that is under stress causes stress corrosion cracking. In an ideal 
binary solid-solution alloy, dealloying is known to result in the formation of a 
nanoporous structure. There are two important factors in a general theory of dealloying 
and porosity formation: the dealloying composition threshold and the critical potential.  
The dealloying threshold is concerned with composition requirement for dealloying to 
happen. Consider a binary alloy system ApB1-p that exhibits complete solid solubility. For 
selective dissolution to occur, A atoms need to percolate; there should be continuous 
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pathways of A atoms throughout the structure, i.e., each A atom should have at least two 
other A atoms as nearest neighbors [35]. The conventional site percolation threshold in a 
face-centered cubic solid is 0.198. Just at the percolation threshold, the diameter for the 
backbone that is composed of interconnected arrays of A atoms is equivalent to that of an 
A atom diameter. As 𝑝 increases, the diameter 𝜉 will also increase and is approximated 
by the relation, 𝜉 = (1 + 𝑝)𝑎 (1 − 𝑝)⁄ , where 𝑎 is the nearest-neighbor spacing in the 
lattice [35]. 
The critical potential, 𝑉crit, is a composition-dependent electrochemical dissolution 
potential that marks the onset of bulk dealloying an porosity formation. At potentials 
above 𝑉crit, the current rises exponentially with increasing potential. 𝑉crit is determined 
by the competition between the dissolution of the less noble component and the surface 
diffusion of the more noble component. Sieradzki [36] suggested that 𝑉crit for Ag-Au 
system is exclusively controlled by thermodynamic parameters via examining the Ag-Au 
multilayers and comparing this behavior to the behavior of Ag-Au alloys. The multilayers 
were examined in cross-section for critical potential as a function of the multilayer 
wavelength. In this case, 𝜉 corresponds to the width of Ag layers within the multilayer 
structure. They also used this result to predict critical potentials obtained from Kinetic 
Monte Carlo (KMC) simulations. Using the parameters in the KMC simulation, the 
critical potential is given by: 
 𝑉crit = 8𝑎E𝑏𝜉√2 − kTln𝑎Ag, (8) 
where 𝑎 is the near-neighbor spacing of the lattice, E𝑏 is the near-neighbor bond energy, k is Boltzmann’s constant, T is the absolute temperature, 𝑎Ag is the atom fraction of Ag 
in the alloy. 
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Below critical potential, the silver dissolution rate is low and once the silver clusters 
within the surface are dissolved, the surface gold atoms will diffuse and finally form 
large enough regions to passivate the alloy surface (Figure 1.7 from [37]). Above critical 
potential, Ag clusters with average size 𝜉 or larger on the surface will be dissolved away. 
The gold ad-atoms on the surface will diffuse and agglomerate into gold islands due to 
their low coordination states, exposing more silver clusters to the electrolyte (Figure 1.8 
[37]). 𝑉crit corresponds to the potential required to dissolve Ag clusters of size 𝜉 or 
greater. This process is often referred to as percolation dissolution. The resulting 
nanoporous structure is unstable due to its high interfacial area and will tend to coarsen 
even at the ambient temperature to reduce the surface energy of the nanoporous structure.  
 
Figure 1.7. Ag60Au40 alloy (Ag in grey, Au in orange) that has undergone selective 
dissolution under critical potential (adapted from [37]). 
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Figure 1.8. Selective dissolution above critical potential in Ag60Au40 alloy (adapted from 
[37]). (A) Initial stage of Ag60Au40 alloy (Ag in grey, Au in orange). (B) Three layers of 
Ag atoms have been dissolved. 
 
Nanoporous gold (NPG) has bicontinuous solid-void structure and owing to its high 
surface area is a promising candidate material for applications like sensing [38], [39], 
catalysis [40]–[42], actuators [43], [44] and drug delivery devices [45]. NPG is often 
fabricated from silver gold or copper gold by dealloying, a process where the less noble 
element is selectively dissolved from an alloy. However, NPG can form spontaneously 
during free corrosion in a highly oxidizing acid such as nitric acid. These alloys readily 
undergo SCC in such an electrolyte. The morphology of NPG is shown in Figure 1.9. 
By adding a small amount of Pt, ambient temperature coarsening of NPG can be 
eliminated since the Pt atoms pin the movement of Au atoms by blocking step movement 
associated with surface diffusion. [46] Dealloying Ag72Au26Pt2 can result in NPG of 
ligament size less than 10 nm (Figure 1.10). Dealloying copper gold alloy can also lead to 
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smaller ligament size[47]. NPG dealloyed from Cu70Au30 is shown in Figure 1.11. NPG 
of larger ligament size can be made by heat treatment of 40 nm NPG (Figure 1.12).  
 
Figure 1.9. NPG formed through selective dissolution of Ag72Au28 in 1 M HNO3 at 1.17 
V (NHE) for 5 days. The sample underwent certain degree ambient temperature 
coarsening. 
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Figure 1.10. NPG with Pt formed through selective dissolution of Ag72Au26Pt2 in 1 M 
HClO4 at 1.21 V (NHE) for 5 days.  
 
 
Figure 1.11. NPG formed through selective dissolution of Cu70Au30 in 1 M HClO4 at 
1.35 V (NHE) for 5 days. 
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Figure 1.12. Treatment at 350 °C for 15 min on 40 nm NPG yields ~100 nm NPG.  
 
Although gold is a ductile material, NPG exhibits macroscopic brittle behavior and will 
become more brittle as the ligament size gets smaller [48]. 
The Young’s modulus (𝐸) of NPG has been examined by different techniques and 
predicted by scaling laws [49]. Biener [50] did nanoindentation on 100 nm ligament size 
NPG made from Ag58Au42. Young’s modulus of 11.1 GPa was calculated from unloading 
curves using standard deconvolution techniques and this value is the same order of 
magnitude as that predicted from the Gibson-Ashby scaling laws. Volkert [51] performed 
multiple nanocompression loading and unloading tests on 15 nm single crystalline NPG 
made from Ag75Au25 and determined the Young’s modulus as a function of plastic strain. 
At 2% plastic strain, E = 7 GPa, and at 36% plastic strain, E = 12 GPa. It is hard to 
understand why Young’s modulus can be plastic strain dependent and shows an increase 
of more than 50% with strain unless the compression is resulting in compaction of the 
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nanoporous Au. While predicted E using scaling law for this foam material was in the 
range of 7 to 11 GPa. Lee [52] obtained Young’s modulus of 8.8 GPa from deflective 
tensile tests and 13.2 GPa from nanoindentation. The higher value from nanoindentation 
tests could be a result of the substrate they used. And these modulus values were in good 
agreement with the predicted value they calculated from scaling law, which was in the 
range of 9.91 to 10.31 GPa. However, recent work done by Balk [53], [54] reported a 
relatively lower value of 3 GPa (20 ~ 35nm NPG made from Ag70Au30) and 4.5 (30 ~ 65 
nm NPG made from Ag67Au33 single crystal) GPa based on the tensile and compressive 
tests they performed.  
The plastic behavior of NPG has been mostly examined in compression and indentation 
tests. Li and Sieradzki[48] were the first to report a ductile-brittle transition and size-
dependent behavior in NPG based in three-point bending. Biener [50] assessed the yield 
stress to be the same as hardness values obtained by nanoindentation tests, which was 
145 MPa. And this value was almost 10 times larger than the value predicted by scaling 
law. In these tests, no brittle fracture or cracking was observed. Volker [51] estimated 
yield stress from scaling law using the results from nanoindentation hardness tests and 
reported that the yield stress strongly increased strongly as the sample size decreased 
below 50 μm. They estimated the yield strength for 15 nm ligaments and obtained a value 
of 1.5 GPa-close to the theoretical strength of bulk gold. Balk [53] did both tensile and 
compressive tests on 20 ~ 35 nm NPG made from Ag70Au30. In tensile tests, an average 
fracture stress of 11 MPa was obtained. In compressive tests, samples yielded at 15 MPa 
on average and the lower limit for compressive fracture was 47 MPa. This asymmetric 
behavior in tension and compression was because when loaded in tension, ligaments 
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necked and ruptured, while in compression, ligaments bent and buckled.  In compression 
tests, Jin [55] found the yield stress to be 7.5 MPa for 55 nm NPG and 27 MPa for 15 nm 
NPG. They also reported that as the strain got larger, stress became strain-rate dependent. 
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CHAPTER 2 
EXPERIMENTAL METHODS 
2.1 Sample Preparation 
2.1.1 EDM notched samples for dynamic fracture tests 
Silver-gold alloys (99.999% purity) containing 72 at% silver were used for the 
preparation of crack-free nanoporous gold. Alloy sheets, 125 μm in thickness, of this 
composition were obtained from Goodfellow. Single edge-notched samples were 
fabricated from these sheets by Majer Precision Engineering Inc., Tempe, AZ using 
electro-discharged machining (EDM) into a rectangular shape, 15 mm long × 4 mm 
wide. , There was an 800 μm long, 40 μm wide notch cut into the middle of the sample 
length.  These samples were polished to 0.03 μm using an alumina suspension and then 
annealed at 800 °C for 8 hours (or 900 °C for 2 hours), Very small diameter gold wires 
were gently wound around a sample against a gold thin-film substrate on mica which 
served as the current collector during dealloying. The sample served as working 
electrode, while a mercury-mercury sulfate electrode (MSE) was used as reference 
electrode and a Pt wire as the counter electrode. As shown in Figure 2.1A, the critical 
potential for porosity formation was 1.04 V. Samples were dealloyed at 1.17 V in 1M 
HNO3. The dealloying process took 5 days and was taken to be completed when the 
current dropped to a few μA/cm2 (Figure 2.1B). Following this, a sample was taken out 
of the electrolyte, rinsed in nano-pure water, treated at a prescribed voltage in 1 M HClO4 
for 12 hours and removed from the electrolyte and allowed to dry. Samples were fixed to 
the tensile stage using Devcon© High Strength 5-Minute Fast Drying Epoxy.  
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Figure 2.1 Electrochemical protocols used for producing crack-free NPG. (A) Potential-
dynamic scan of Ag-28 at% Au in 1 M HNO3. Scan rate 5 mV/s. (B) 
Chronoamperomtery at 1.17 V showing how the current density decays with time over ~ 
4 days. The oscillations in the current are real and result from transport limitations 
associated with forming the monolithic NPG samples.  
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2.1.2 Guillotine dynamic fracture samples 
Similar 125 μm thick silver gold alloy sheets containing 72 at% silver were cut into a 
rectangular shape 12 mm x 6 mm. Samples were polished, annealed at 700 °C for 24 
hours and dealloyed using the protocol described above. Some of these samples 
underwent cyclic voltammetry (CV) in 1 M HNO3 for 200 cycles between 0 -1.2 V 
(NHE) at a scan rate of 50 mVs-1 and finally held at 500 mV for one hour to reduce the 
monolayer of oxide that forms on the NPG surface during dealloying. This was done in 
order to see if there was any difference in the dynamic fracture behavior between samples 
with and without an oxide.  
2.1.3 Single crystal crack injection samples 
A 9-mm diameter single crystal Ag77Au23 rod was taken to Majer Precision Engineering, 
Inc. to have samples fabricated using Electrical Discharge Machining (EDM). As shown 
in Figure 2.2, disks 100 μm in thickness were initially cut from the rod and then 4 strips 
were cut from each the disks. A fiducial line was marked on the single crystal rod and the 
strips were cut at 0°, 60° and 120° with respect to the fiducial line. These strips served as 
samples for crack-injection experiments.  They were polished as described above and 
annealed in air at 500 °C for 24 hours.  
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Figure 2.2. Cartoon showing how the 9 mm diameter Ag77Au23 single-crystal rod was 
EDM cut into samples used in crack injection experiments.  The right pane shows 0° 
EDM cut strip samples. 
 
2.1.4 Polycrystalline crack injection samples 
125 μm thick polycrystalline Ag72Au28 sheets were cut to 2 mm x 10 mm rectangular 
strips and then polished as described above and annealed at 900 °C for 2 hours.  
2.1.5 Ag-Au interdiffusion crack injection samples 
60 μm thick gold foils of 99.9999% obtained from Goodfellow were cut into 1.5 mm x 12 
mm strips, cleaned in concentrated HNO3 and H2SO4 before being annealed with H2 
flame. These samples were used in a standard three-electrode configuration for silver 
deposition. A flat-head copper clip was used to connect the gold foil that served as the 
working electrode with a mercury/mercury sulfate reference electrode and a silver wire as 
the counter electrode. 1 M AgClO4 + 1 M HClO4 was used as the electrolyte. Silver was 
electro-deposited on the gold strips using repetitive chronopotentiometry:  -40 mA/cm2 
for 0.25 s (nucleation) followed -0.5 mA/cm2 for 100s (crystal growth). 200 cycles 
following this protocol was used. The gold foils foil with the as-deposited silver layer 
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(both sides) were rinsed in nano-pure water and dried in air. Samples were then taken to a 
pre-heated furnace and annealed at 900 °C for 2 minutes to allow for silver diffusion into 
the gold matrix.  This formed an approximate 6 μm thick, compositionally graded, alloy 
layer on the surface of the pure Au samples.  
2.2 Pre-Notched Dynamic Fracture Experiment 
The Phantom v12.1 complimentary metal-oxide-semiconductor camera was used to study 
the dynamic fracture of nanoporous gold. The camera was mounted on a Zeiss top view 
microscope for further magnification. The single edge-notched nanoporous gold sample 
was mounted on the tensile stage as shown in Figure 2.3. The resolution of the Phantom 
camera was selected at 256 x 64 pixels and the optical microscope was set at a 
magnification of 1.25, yielding a pixel size of 16 μm. At the resolution of 256 x 64, the 
fastest frame rate that could be obtained was 4.34 μs per frame. An optical fiber light 
source was used to illuminate the sample. After the camera was set at “capture” mode, 
tensile fracture of the sample was initiated at fixed displacement by a quick turn of the 
micrometer-controlled stage. When the crack traveled across the width of the sample, the 
“trigger” button was clicked and the number of post trigger images was set to “1”. 
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Figure 2.3. Photograph of tensile stage for dynamic fracture test. The white cell in 
between the stationary part and the moving part is to make sure the distance for each test 
stays the same. 
 
The location of the crack tip was determined using the graphics viewer IrfanView 
software (http://www.irfanview.com/) in the form of (x, y) coordinates. The distance 
traveled by the crack tip was calculated as: 𝑑 = pixel size × �𝑥ave2 + 𝑦ave2. The crack 
length on each frame was defined as the length of the notch plus the distance traveled by 
the crack tip. For example, the results for one test where the nanoporous gold sample was 
treated at 1.2 V (NHE) is shown in Figure 2.4 and Table 2.1.  
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Figure 2.4. Sequential images of dynamic fracture sample treated at 1.2 V (NHE) in 1 M 
HClO4. 
 
Table 2.1. Results of dynamic fracture test of NPG dealloyed from Ag72Au28. Frame 
numbers correspond to those shown in Figure 2.4.  
# xmin ymin xmax ymax xave yave 
d 
(pxl) 
d 
(μm) 
Crack 
length 
(μm) 
v 
(m/s) 
d 
error 
(μm) 
v 
error 
(m/s) 
A 205 31 206 32 205.5 31.5 - - 800 0 11.31 2.61 
B 168 32 173 33 170.5 32.5 35.0 560 1360 129 40.79 9.4 
C 105 31 111 32 108 31.5 62.5 1000 2360 230 48.66 11.21 
D 70 32 77 33 73.5 32.5 34.5 552 2913 127 56.57 13.03 
E 24 32 33 33 28.5 32.5 45.0 720 3633 166 72.44 16.69 
F 0 31 0 33 0 32 28.5 456 4089 105 16 3.69 
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2.3 Guillotine Dynamic Fracture Experiment 
Nanoporous gold samples dealloyed from Ag72Au28 were glued on a motorized tensile 
device using 5-minute fast drying epoxy on both sides, leaving the test area to be 12 mm 
x 3 mm. This motorized stage (Thorlabs, Inc. – MTS25-Z8) could move at speeds from 3 
μm/s to 2.4 mm/s within the 25 mm of displacement range and the minimum 
displacement that could be achieved was 0.05 μm. A load cell (SMA-25, Interface Inc., 
25 lbf maximum load) was used to measure the load. The Phantom camera and the 
microscope were set up for data capture. The resolution of the camera was selected at 256 
x 64 pixels and the magnification of the microscope was set at 1, yielding a pixel size of 
20 μm. When the sample was loaded to a prescribed load, that defined the strain energy, a 
sharp blade controlled by an electromagnetic device would drop from a fixed height and 
cut a notch, of order 0.5 mm in length into the sample, initiating a crack at the center of 
the sample gage. The high-speed camera was used to capture the crack position as a 
function of time. The setup for guillotine experiment is shown in Figure 2.5. 
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Figure 2.5. Guillotine dynamic fracture experiment. (A) Photograph of guillotine 
dynamic fracture test setup. (1) – Phantom high-speed camera; (2) – Zeiss microscope; 
(3) – electromagnetic control; (4) – guillotine knife; (5) – motorized tensile stage with 
load cell. (B) Cartoon showing how the guillotine knife cuts the sample.  
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2.4 Young’s Modulus Measurement 
1 mm x 15 mm nanoporous gold samples was decorated for digital image correlation 
(DIC). An airbrush (Iwata-Medea Eclipse HP CS Dual Action Airbrush Gun) was used to 
produce a white speckle pattern on the surface of the sample as shown in Figure 2.6. The 
stage was set to move in 0.3 μm steps and a digital single-lens reflex (DSLR) camera was 
used to capture the speckle pattern displacement once the load value stabilized. The 
sample was loaded to around 0.89 N (0.2 lbf), unloaded to 0. A Matlab-based DIC code 
was used to obtain the displacement/strain at different load values. Young’s modulus of 
the NPG samples was determined from the slope of the stress-strain curve. 
 
Figure 2.6. One painted sample that is glued on the tensile device for Young’s modulus 
measurement. 
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2.5 Crack Injection Experiment 
Single sided copper tape was used to connect single crystal/polycrystal/AgAu 
interdiffusion samples to the working electrode clip. The strip was immersed in 1 M 
HClO4 and a mercury/mercury sulfate reference electrode as a reference and platinum 
wire served as a counter electrode. The randomly-oriented single crystal samples were 
dealloyed at 1.26 V (NHE) for 60 s and then immersed in liquid nitrogen for 1 hour to 
avoid coarsening of ligaments before bending. The 0°, 60°, and 120° single crystal 
samples were dealloyed at 1.26 V (NHE) for 10 s. The polycrystal sample was dealloyed 
at 1.31 V or 1.24 V (NHE) for 10 s. The dealloying setup for the silver gold interdiffusion 
sample was similar to that in the single crystal and polycrystalline crack injection 
experiment. 1.14 V was applied on the sample first for 200 s to dissolve the remaining 
silver from the sample surface and then the sample was dealloyed at a prescribed voltage 
for overnight. When the current dropped to several μA, the sample was taken out of the 
electrolyte and immediately bent.  
To see whether there was an effect of post dealloying water immersion on crack 
injection, control experiments were carried out. Single crystal samples were immersed in 
nano-pure water for 3 or 90 min between the dealloying step and the bending step. 
Polycrystal samples were left in air for 3 min or immersed in nano-pure water for 20 s to 
3 min between the dealloying step and the mechanical bending step. Some single 
crystal/polycrystal samples were immersed in nano-pure water after bending. Detailed 
treatment on single crystal/polycrystal crack injection experiment is shown in  
Table 2.2. 
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Table 2.2. Crack injection experiment details for single crystal and polycrystal. 
Sample Voltage (V) Time (s) Before bending After bending 
SC (ro) 1.26 60 Liquid N2 60 min -- 
SC (o) 1.26 10 -- Water 
SC (60°) 1.26 10 Water 3 min -- 
SC (60°) 1.26 10 Water 90 min -- 
PC 1.31 10 Air 3 min -- 
PC 1.31 10 Water 3 min -- 
PC 1.31 10 Water 20 s -- 
PC 1.31 10 -- Water 
PC 1.31 10 -- Water 
PC 1.24 10 -- Water 
SC – single crystal Ag77Au23; ro – randomly oriented; o – oriented (0°, 
60°, 120° to fiducial line); PC – polycrystal Ag72Au28. 
 
Sample preparation for EBSD tests involved polishing and annealing. For the single 
crystal/polycrystal sample edge side (Figure 2.7) preparation the protocol followed: 
sandwiching the edge between two stainless steel blocks, polishing with p1500, p4000 
sand paper and 1.0 μm, 0.3 μm, 0.05 μm alumina suspension and final cleaning with 
nanopure water and a soft cloth. Then the sample was taken out of the stainless steel 
block holders and cleaned again with nanopure water. For the polycrystal surface side 
sample (Figure 2.7) preparation, the sample was mounted in epoxy and followed the 
polishing procedure described above. Then epoxy dissolver was used and the sample was 
rinsed in nanopure water. The polished single crystal/polycrystal sample was annealed in 
air in furnace at 700 °C for 48 hours to relieve the near-surface plastic deformation 
caused by polishing. 
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Figure 2.7. Cartoon showing the surface side and edge side of a single crystal/polycrystal 
sample. 
 
2.6 Digital Image Correlation 
Digital image correlation (DIC) is a non-contact optical technique that can measure 
displacements and so be used to ascertain strain [56]. It is efficient and cost effective in 
material characterization, especially in the case where the use of an extensometer is not 
feasible. In most cases, an extensometer only provides an average strain over the area 
within the gage length and this information is not sufficient where accurate or local strain 
measurement is needed. DIC provides an alternative way to measure the displacement 
both in the elastic and plastic ranges [57].  
A typical set up for 2-dimensional DIC experiment is shown in Figure 2.8 [58]. DIC 
measurement requires: (1) a specimen with random pattern (speckle pattern) on the 
surface; (2) monochrome images of the area of interest before and after loading (usually 
recorded by a CCD or CMOS camera); (3) computer software to process displacement 
and strain information. The images recorded before and after loading are compared to 
detect the displacement by matching a specific point from one image to another. Since it 
is not practical to find matched points by a single pixel, an area, usually called a subset, 
of multiple pixel points is used. The software calculates the average gray scale intensity 
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of the subset in the image before and after a loading increment (Figure 2.9) and compares 
them. 
 
Figure 2.8. Typical 2D DIC optical image acquisition system [58]. 
 
 
Figure 2.9. Schematic illustration of a subset before and after deformation (adapted from 
[58]). 
 
𝑃(𝑥0, 𝑦0) is chosen as the center of a subset with (2𝑀 + 1) × (2𝑀 + 1) pixels and the 
coordinates of point 𝑄(𝑥𝑖 ,𝑦𝑗), where 𝑀 is an integer. After deformation, these two points 
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move to 𝑃′(𝑥0′,𝑦0′) and 𝑄′(𝑥𝑖′,𝑦𝑗′). The gray scale pattern around the point in the 
reference image is analyzed and similar pattern is searched in the deformed image to 
determine the new location of the point. To determine the similarity between the 
reference subset and the deformed subset, criteria like cross-correlation function and 
sum-squared difference correlation are defined. 
2.7 Phantom High-Speed Camera 
The Phantom v12.1 digital high-speed camera was used in the dynamic fracture 
experiment. This complimentary metal-oxide-semiconductor (CMOS) camera can take 
up to 1,000,000 frames per second at a reduced resolution of 128 × 8 pixels and 6,242 
frames per second at maximum resolution of 1,280 × 800 pixels at a pixel size of 20 μm 
× 20 μm. This camera can be used together with an optical microscope for further 
magnification and this whole system is used in the current work to optically record the 
rate of crack propagation. In “capture” mode, the camera takes continuous frames and 
can record a pre-defined number of frames. At the resolution of 256 × 64 pixels, the 
camera can take more than 230,000 frames per second (4.34 μs/frame) with a maximum 
of exposure time of 3.91 μs/frame. Using these parameters, the camera can save 347,648 
frames. When the “trigger” button is hit, the camera saves the last 347,647 frames prior to 
the “trigger” event, if the post trigger parameter is set at 1. 
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CHAPTER 3 
RESULTS AND DISCUSSION 
3.1 Pre-Notched Dynamic Fracture 
After dealloying at 1.17 V (NHE), the sample underwent ambient temperature 
coarsening. As shown in Figure 3.1, the mean ligament size in the NPG structure was 
40nm. 
 
Figure 3.1. SEM images of 40 nm, crack-free NPG. (A) Surface of NPG shows no 
indication of cracks. (B) The size of NPG is usually characterized by the average 
diameter of the ligaments, which in this image is 40 nm. 
 
The velocity of the crack tip is calculated by measuring the distance between two marked 
crack tip locations and dividing that value by time (4.34 μs). A composite set of results 
for all such tests for samples treated at 1.2 and 1.4 V is shown in Figure 3.2[59]. The 
solid black line in Figure 3.2D corresponds to the prediction of elasto-dynamic theory. It 
is observed that the first 5-6 points in the data sets of Figure 3.2D fit theory. Beyond that, 
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a sharp divergence occurred as reflected elastic waves from the vertical boundaries 
interact with the crack tip. Note that the theoretical model assumes an “infinite” sample. 
 
Figure 3.2. Dynamic fracture in 40 nm NPG for samples treated at 1.2 and 1.4 V [59]. 
Sequential images of samples treated at 1.2 V (A) and 1.4 V (B) showing crack 
propagation at a frame rate of 4.34 μs. (C) Crack velocity – crack length results 
composed from 3 samples treated at 1.2 V. (D) Crack velocity – crack length results 
composed from 9 samples treated at 1.4 V. The dotted horizontal lines correspond to the 
terminal velocities at these voltages. The black curve in (D) is the theoretically predicted 
behavior in an unbounded solid that has a Rayleigh velocity of 400 ms-1.  
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3.2 Guillotine Dynamic Fracture 
Figure 3.3 shows the crack propagation when the notch was initiated on a loaded sample 
by the guillotine knife. The load was 3.79 N. The detailed results of crack length and 
crack velocity are shown in Table 3.1. The crack velocity and crack length behavior of 
two tests at this load value is shown in Figure 3.4. 
 
Figure 3.3. Dynamic tensile fracture of NPG (0.72 volume fraction of porosity). The 
sample was loaded to 3.75 N before the initiation of the crack. 
 
 
 
 
41 
 
Table 3.1. Results of dynamic tensile fracture shown in Figure 3.3. 
Frame 
# 
Crack 
length (μm) 
Velocity 
(m/s) 
Crack length 
error (μm) 
Velocity 
error (m/s) 
1 0 0 20.00 4.61 
2 660.08 152.09 60.83 14.02 
3 1250.84 136.12 30.00 6.91 
4 1852.92 138.73 14.14 3.26 
5 2506.68 150.64 40.00 9.22 
6 2699.03 44.32 50.99 11.75 
7 3201.52 115.78 10.00 2.30 
8 3511.52 71.43 40.00 9.22 
9 3761.52 57.60 10.00 2.30 
10 4001.52 55.30 10.00 2.30 
11 4441.52 101.38 10.00 2.30 
12 4782.85 78.65 14.14 3.26 
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Figure 3.4. Crack velocity and crack length behavior at ~ 3.8 N. Maximum velocity of 
the 3.75 N test (red dots) is 152 m/s and that of the 3.79 N test (black dots) is 155 m/s. 
 
42 
 
The curvature of the crack path, apparent in Figure 3.3, results shear loading of the 
sample. Since the edges of the sample were glued in place, it was difficult to “perfectly” 
align the sample so that only pure tensile loading was imposed on the sample boundaries. 
While many of the tests performed showed no effects from shear, some such as the 
results shown in Figure 3.3 did. In these cases, the crack velocity was determined by 
evaluating the distance between the crack tip locations at two frames.  
When the nanoporous gold was loaded to a higher value, the terminal crack velocity was 
larger. Sequential images of crack propagation of samples that were loaded to different 
values are shown in Figure 3.5 (4.61 N), Figure 3.7 (5.48 N) and Figure 3.9 (6.30 N). The 
results of samples that were loaded to around 4.6 N, 5.5 N and 6.3 N were shown in 
Figure 3.6, Figure 3.8 and Figure 3.10, respectively. 
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Figure 3.5. Dynamic tensile fracture of NPG (0.72 volume fraction of porosity). The 
sample was loaded to 4.61 N before the initiation of the crack. 
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Figure 3.6. Crack velocity and crack length behavior at ~ 4.6 N. Maximum velocity of 
the 4.61 N (black dots) test is 189 m/s and that of the 4.66 N (red dots) test is 186 m/s. 
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Figure 3.7. Dynamic tensile fracture of NPG (0.72 volume fraction of porosity). The 
sample was loaded to 5.48 N before the initiation of the crack. 
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Figure 3.8. Crack velocity and crack length behavior at ~ 5.5 N. vmax =  226 m/s at 5.48 
N (black dots); vmax =  219 m/s at 5.49 N (red dots); vmax =  235 m/s at 5.51 N (green 
dots). 
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Figure 3.9. Dynamic tensile fracture of NPG (0.72 volume fraction of porosity). The 
sample was loaded to 6.30 N before the initiation of the crack. 
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Figure 3.10. Crack velocity and crack length behavior at ~ 6.3 N. Maximum velocity of 
the 6.30 N test (black dots) is 249 m/s and that of the 6.36 N test (red dots) is 241 m/s. 
 
When the sample was loaded to around 7.2 N, the crack velocity increased to 270 m/s and 
there was also indication of crack bifurcation. Figure 3.11 shows the crack propagation of 
a sample that was loaded to 7.19 N and Figure 3.12 shows the crack propagation of a 
sample that was loaded to 7.29 N. Detailed crack velocity and crack length behavior is 
shown in Figure 3.13. 
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Figure 3.11. Dynamic tensile fracture of NPG (0.72 volume fraction of porosity). The 
sample was loaded to 7.19 N before the initiation of the crack. Crack bifurcation from 
Frame #4. 
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Figure 3.12. Dynamic tensile fracture of NPG (0.72 volume fraction of porosity). The 
sample was loaded to 7.29 N before the initiation of the crack. Crack bifurcation from 
Frame #6. 
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Figure 3.13. Crack velocity and crack length behavior at ~ 7.2 N. Maximum velocity of 
the 7.19 N test (black dots) is 275 m/s and that of the 7.29 N test (red dots) is 270 m/s. 
 
The cycled samples showed similar results. Cycled samples were loaded to 4.4 N and 5.5 
N. And the velocity was close to those of the as-dealloyed non-cycled samples. Figure 
3.14 and Figure 3.15 show the results of cycled samples that were loaded to 4.4 N and 5.5 
N, respectively. 
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Figure 3.14. Crack velocity and crack length behavior of cycled samples at ~ 4.4 N. 
Maximum velocity of the 4.39 N test (black dots) is 187 m/s and that of the 4.49 N test 
(red dots) is 191 m/s. 
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Figure 3.15. Crack velocity and crack length behavior of cycled samples at 5.5 N. 
Maximum velocity of the 5.42 N test (black dots) is 222 m/s and that of the 5.52 N test 
(red dots) is 221 m/s. 
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Following the analysis of Goldman et al. [24], the results of crack dynamics in the strip 
geometry was analyzed by examining how the strain energy per unit cross-sectional area 
affected the terminal crack speed.  This was calculated according to Strain energy =
𝜎2(1−𝜈2)
2𝐸
ℎ, where the symbols have their usual meaning (𝐸 = 2.5 Gpa), 𝜈 is Poisson’s 
ratio (0.19) and h is the sample height (6 mm). 
The crack velocity and strain energy behavior are shown in Table 3.2 and Figure 3.16 
indicates that as the stored strain energy increases, the crack velocity increases. 
Table 3.2. Results of all the as dealloyed NPG guillotine tests. 
Load (N) Stress (Mpa) 
Strain energy 
(J/m2) 
Velocity 
(m/s) 
3.75 2.50 7.22 152.09 
3.79 2.53 7.38 154.81 
4.61 3.07 10.92 189.29 
4.66 3.11 11.18 186.77 
5.48 3.65 15.42 225.85 
5.49 3.66 15.50 219.09 
5.51 3.67 15.60 235.03 
6.30 4.20 20.43 248.94 
6.36 4.24 20.78 240.74 
7.19 4.80 26.61 275.03 
7.29 4.86 27.34 269.83 
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Figure 3.16. Results of dynamic fracture of as-dealloyed nanoporous gold samples that 
were loaded to different stress levels. Rayleigh velocity is 400 m/s for 40 nm nanoporous 
gold. The slope of fitting (red line) is 0.015. 
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Figure 3.17. Crack behavior as a function of fracture energy (measured via crack-tip 
curvature). The slope of fitting (red line) is 0.059. Reproduced from [24]. 
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In brittle materials, a crack will grow spontaneously if the strain energy released is equal 
to or more than the energy required to grow the crack surfaces[10]. The stability 
condition can be written as energy released is equal to the energy dissipated. When time 
is greater than the time needed for the elastic waves reflected from the vertical boundaries 
to interact with the crack and less than the return times from the far lateral boundary, the 
crack reaches a steady state. In this guillotine dynamic fracture experiment, crack 
velocity will gradually increase as the crack propagates and the acceleration slows down 
until the velocity reaches steady state due to the constant interaction between the crack tip 
and the returning elastic waves from the vertical boundaries. As the strain energy 
increases, the maximum velocity increases (Figure 3.16). This linear behavior is in 
agreement with Goldman’s work on polyacrylamide gels (reproduced in Figure 3.17[24]). 
When the load increases to 7.2 N, the crack shows a tendency of bifurcation. At this load, 
the velocity is around 70% of the Rayleigh velocity. According to Gao[60], when the 
crack velocity is about 73% of the Rayleigh velocity, the hoop stress becomes bimodal 
and the crack starts to branch off. This is in agreement with classical theories[10], [61], 
[62]. Though Gao[60] indicated a 60° deviation from the propagation direction, the crack 
paths in Figure 3.11 and Figure 3.12 are not in agreement. This may be due to “infinite 
strip” sample geometry or sample misalignment that might lead to shear upon sample 
loading. By comparing the crack propagation in both as-dealloyed samples and cycled 
samples at 4.6 N and 5.5 N, it can be seen that there are no big differences in the behavior 
and in the crack propagation velocity, although the ligament size distribution is wider in 
the case of cycled NPG (Figure 3.18). Crack propagation behavior does not depend on 
the extreme values in the ligament size distribution. 
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Figure 3.18. SEM images of nanoporous gold. (A) The sample was cycled between 0 and 
1.2 V (NHE) for 200 cycles and held at 0.5 V (NHE) for 1 hour. (B) As-dealloyed NPG. 
 
3.3 Young’s Modulus 
Figure 3.19 shows the stress-strain behavior of a NPG sample. The stress value was 
calculated based on the data obtained from the load cell and the strain was processed by 
the Matlab-based digital image correlation code. Young’s modulus of this sample is 2.5 
GPa[59].  
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Figure 3.19. Stress-strain behavior of NPG (0.72 volume fraction of porosity) indicates 
the Young’s modulus is 2.5 GPa. Black points show the loading line and red points show 
the unloading part. The coefficient of determination for the linear fit (red line) is 0.99. 
 
3.4 Crack Injection 
3.4.1 Single crystal Ag77Au23 
Initially the experiment was done on randomly-oriented samples. These samples were 
dealloyed at 1.26 V for 60 s and this treatment resulted in a 10 μm thick porous layer. 
SEM images showed some large cracks and electron dispersive spectroscopy (EDS) 
indicated that several cracks penetrated into the bulk parent phase material (Figure 3.20).   
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Figure 3.20. SEM images and EDS analysis of one bent sample that was dealloyed at 
1.26 V (NHE) for 60 s. (A) Some large cracks in the dealloyed layer. (B) A large crack 
appears to have penetrated into the bulk parent phase silver gold alloy.  (C) EDS results 
of one spot left to the interface indicate the left part was corroded. (D) EDS results of one 
spot right to the interface indicate the right part was dealloyed but to a lesser extent. (C) 
and (D) together illustrate a sharp interface between corroded and un-corroded region. 
(E) EDS analysis indicates the crack penetrated into bulk material. 
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Figure 3.21 shows a large crack from another crack injection test. The crack penetrated 
almost 2/3 into the bulk and there was no porous layer present near the arrested crack tip. 
When thick (~5-10 mm) NPG layers were produced for crack injections experiments, the 
interface between the layer and the bulk parent phase (un-dealloyed) was poorly adhered 
which sometimes caused the porous layer to peel upon bending, epoxy-mounting or 
polishing. Owing to this, cracks that nucleated within the layer often traveled into the 
interface (Figure 3.22) rather than being transmitted into the bulk parent phase material or 
would have very short injection distances into the matrix (Figure 3.23). In several such 
experiments, it is observed that the cracks injected for deep distances into the parent 
phase while there was no corresponding observable crack in the porous layer. (Figure 
3.24). In these cases, it is hypothesized that the existence of a well-adhered thin porous 
layer (100-200 nm in thickness) that was responsible for the observed crack injection. 
 
Figure 3.21. SEM images of a large crack that was injected into the silver gold matrix. 
The crack was almost 2/3 through the sample thickness. (A) The porous layer close to the 
large crack was peeled off. (B) The porous layer was detached to the matrix. 
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Figure 3.22. SEM image of the polished side view on crack injection sample. Cracks 
stopped at the interface or traveled along the interface. The sample was dealloyed at 1.26 
V for 60 s and immersed in liquid nitrogen for 1 hour before being bent. 
 
Figure 3.23. SEM image of the polished side view on crack injection sample. Cracks 
only had tiny injection into the matrix. The sample was dealloyed at 1.26 V for 60 s and 
immersed in liquid nitrogen for 1 hour before being bent. 
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Figure 3.24. One sample that shows two cracks traveling in the interface injected deep 
into the matrix. The sample was dealloyed at 1.26 V for 60 s and immersed in liquid 
nitrogen for 1 hour before being bent. (A) A crack injection of 20 μm into the matrix. (B) 
A crack injection of 10 μm into the matrix. 
Later experiments were performed on single crystal samples that were 0°, 60° and 120° to 
the fiducial mark. The dealloying time was reduced to 10 s, producing a dealloyed layer ~ 
1-2 μm in thickness. Remarkably, the 60° samples showed through-thickness sample 
fracture. Figure 3.25 shows the top surface of one bent sample and Figure 3.26 shows the 
fracture surface. This sample was dealloyed at 1.26 V (NHE) for 10 s. These images 
show the relative flatness of the fracture surface with little indication of ductility. EDS 
results indicate dealloyed layer was less than 2 μm (Figure 3.27). Electron backscatter 
diffraction (EBSD) tests were performed on these surfaces. Figure 3.28 shows a series of 
orientation map of several different crack injection tests on single crystal. The orientation 
of the polished cross-section of single crystal is shown in Figure 3.29. This plane is not 
necessarily the fracture plane in bending. 
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Figure 3.25. Surface image of crack injection experiment on single crystal that was 
dealloyed at 1.26 V for 10 s. 
 
 
Figure 3.26. Fracture surface images of crack injection experiment on single crystal that 
was dealloyed at 1.26 V for 10 s. (A) Low magnification SEM image of the fracture 
surface. (B) High magnification SEM image of the fracture surface.  
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Figure 3.27. EDS showing that the thickness of the dealloyed layer is less than 2 μm. (A) 
SEM image of the fracture surface of 1.26 V 10 s crack injection experiment. (B) EDS 
line scan of the fracture surface in (A). Silver is shown in black and gold is shown in red. 
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Figure 3.28. EBSD results showing fracture surface orientations of four crack injection 
experiments on single crystal. 
 
 
Figure 3.29. EBSD results showing polished and annealed cross-section orientation of 
single crystal. 
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A single crystal sample that was immersed in water for 3 min between the dealloying step 
and the bending step also shows through thickness fracture (Figure 3.30). The fracture 
surface is rougher compared with the samples without intermediate water immersion step. 
However, when the single crystal was immersed in water for 90 min before it was bent, it 
did not show any hint of fracture. The sample after bending is shown in Figure 3.31. 
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Figure 3.30. Fracture surfaces caused by crack injection on single crystal. (A) Low 
magnification SEM image of fracture surface. (B) Fracture cross-section close to the 
surface of the sample. (C) High magnification SEM image of the circled area in (B) 
showing porosity in the area close to the surface. 
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Figure 3.31. Single crystal sample after bending. The sample was wrapped in copper tape 
and was immersed in water for 90 min before it was bent twice. There was no hint of 
fracture. 
 
Dealloying at 1.26 V for 60 s resulted in a ~ 10 μm thick porous layer and dealloying at 
1.26 V for 10 s resulted in a ~ 2 μm thick layer. It is found that owing to poor adherence a 
thick layer did not necessarily aid crack injection into un-dealloyed parent phase. For 
dealloying times of 10 s the cracks developing within the NPG layer penetrated through 
the whole sample causing fracture. Although it is hard to determine whether the cracks in 
the convex side alone penetrated through the sample or the cracks on both convex and 
concave sides merged causing sample fracture, it can still be concluded that the cracks 
were injected into parent phase over distances corresponding to at least half the sample 
thickness of ~ 50 μm. Immersing the sample into nano-pure water can stop the corrosion 
process but it also causes the nano-porous layer on the surface to coarsen significantly 
changing the mechanical properties of the NPG layer. Cracks in the porous layer that 
underwent 3 min of coarsening were still able to cause sample fracture, however, 90 min 
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of water immersion caused coarsening to a degree where the cracks in the porous layer 
could no longer adopt high enough velocities to penetrate deep into the un-dealloyed 
parent phase.  
3.4.2 Polycrystalline Ag72Au28 
For the samples that were bent immediately after dealloying at 1.31 V for 10 s without 
water immersion, through thickness fracture occurred and porosity was seen in the 
fracture surfaces, even in the center of the cross-section (Figure 3.32 and Figure 3.33 for 
two different samples). 
 
Figure 3.32. Fracture surfaces caused by crack injection on polycrystal Ag72Au28-1.31-
nwd-1 (no water dipping after bending). (A) Low magnification SEM image of fracture 
surface. (B) High magnification image of the circled area in (A) showing porosity. 
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Figure 3.33. Fracture surfaces caused by crack injection on polycrystal Ag72Au28-1.31-
nwd-2 (no water dipping after being bent). (A) Low magnification SEM image of fracture 
surface. (B) High magnification image of the circled area in (A) showing porosity. 
 
To see whether porosity evolved during dealloying or after bending, the samples were 
dipped in nano-pure water right after they were dealloyed and bent. This water dipping 
step is believed to eliminate the occurrence of any corrosion event caused by traces of 
residual electrolyte that may have flowed on to the fracture surface. Figure 3.34 to Figure 
3.39 show the fracture surfaces for 6 different samples that were dealloyed at 1.31 V for 
10 s and then bent and immersed in nano-pure water. These fracture surfaces show a 
combination of intergranular and transgranular fracture. 
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Figure 3.34. Fracture surfaces caused by crack injection on polycrystal Ag72Au28-1.31-1 
showing a mixed mode fracture. (A) Low magnification SEM image of fracture surface. 
(B) High magnification image showing the depth of porous layer. (C) Dominant 
intergranular fracture with transgranular fracture in the center. 
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Figure 3.35. Fracture surface caused by crack injection on polycrystal Ag72Au28-1.31-2. 
(A) Low magnification SEM image of fracture surface. (B) High magnification image 
showing intergranular cracks without porosity. (C) High magnification image indicating a 
~ 1 μm thick porous layer from the surface. 
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Figure 3.36. Fracture surface caused by crack injection on polycrystal Ag72Au28-1.31-3. 
(A) Low magnification SEM image of fracture surface. (B) High magnification image of 
the area close to the concave side of bending. (C) High magnification image of the area 
close to the convex side of bending. 
 
73 
 
 
Figure 3.37. Fracture surface caused by crack injection on polycrystal Ag72Au28-1.31-4. 
 
 
Figure 3.38. Fracture surface caused by crack injection on polycrystal Ag72Au28-1.31-5. 
(A) Low magnification SEM image of fracture surface. (B) High magnification image of 
the area close to the convex side of bending.  
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Figure 3.39. Fracture surface caused by crack injection on polycrystal Ag72Au28-1.31-6. 
(A) Low magnification SEM image of fracture surface. (B) High magnification image of 
the area close to the convex side of bending.  
 
Two tests were carried out at a lower dealloying voltage – 1.24 V. One sample was 
dealloyed at 1.24 V for 10 s and bent immediately without any water immersion steps. 
Cracks were observed halfway through the thickness of the sample (Figure 3.40). 
Another sample was dealloyed at 1.24 V for 10 s and bent and then quickly immersed in 
nano-pure water. The sample also fractured halfway through the thickness and remaining 
part was torn and cycled to fracture (Figure 3.41). The torn part exhibited a transgranular 
ductile fracture surface. 
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Figure 3.40. Side view of the polycrystal Ag72Au28-1.24-1 after bending. (A) SEM image 
of the sample that was dealloyed at 1.24 V for 10 s and bent immediately without water 
immersion. (B) Cartoon showing the thickness side of the sample and the location of the 
crack. 
 
 
Figure 3.41. Fracture surface caused by crack injection on polycrystal Ag72Au28-1.24-2. 
(A) Low magnification SEM image of fracture surface showing intergranular fracture 
caused by crack injection and transgranular fracture caused by tearing and cycling. (B) 
High magnification image showing a less-than-500-nm porous layer within a grain. 
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When intermediate steps were inserted between dealloying and bending, no fracture event 
was observed. When the sample was left in air for 3 min after it was dealloyed at 1.31 V 
for 10 s, bending did not cause fracture in the sample. The sample was bent back and 
forth 3 times until it fractured. Another two samples were immersed in water for 3 min 
after they were dealloyed at 1.31 V for 10 s, bending also did not result in any fracture. 
The samples were also bent back and forth several times until they fractured. The 
“cycled-to-fracture” surfaces for these samples are shown in Figure 3.42. When the water 
immersion time was reduced from 3 min to 20 s, there was also no indication of fracture. 
The sample after bending is shown in Figure 3.43. 
 
Figure 3.42. “Cycled-to-fracture” surfaces in polycrystal Ag72Au28 samples. (A) The 
sample was left in air for 3 min after it was dealloyed at 1.31 V for 10 s. (B) The sample 
was immersed in water for 3 min after it was dealloyed at 1.31 V for 10 s. (C) Another 
sample that was treated in  the same way as the sample in (B). 
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Figure 3.43. Polycrystal sample after bending. The sample wrapped in copper tape and 
was immersed in water for 20 s before it was bent twice. There was no hint of fracture. 
 
When the sample is being dealloyed, charge is “stored” within and the NPG surface layer 
and this behaves as an electrochemical capacitor. Immediately following fracture this 
effective capacitor may discharge, a process, which may be supported over the remaining 
area of the sample including the fracture surface if it is wetted by residual electrolyte.  It 
is believed that this could be responsible for the mild level of porosity observed over 
localized regions of the fracture surface for samples that were not water immersed 
immediately after sample fracture. The water immersion step after bending effectively 
eliminated this dealloying process on the fracture surface. When the water immersion 
step was inserted between dealloying and bending in the polycrystalline crack injection 
experiment, even for only 20 s, the cracks in the NPG layer did not penetrate to a 
significant depth into parent phase material. 
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The fracture surfaces of the polycrystalline crack injection tests were mainly 
intergranular fracture dominant. The cracks tend to follow the grain boundary paths 
probably because it takes less energy to open up grain boundaries than to tear the atoms 
within a grain. 
3.4.3 AgAu interdiffusion  
After annealing at 900 °C for 2 minutes, the silver and gold atoms inter-diffuse and 
formed a silver/silver gold alloy/polycrystalline gold sample. The EDS profile of the 
cross-section is shown in Figure 3.44.  After being dealloyed and bent, the sample was 
mounted in epoxy, cross-sectioned, polished. Figure 3.45 to Figure 3.48 show cross-
section from 4 different tests. The interface between the porous gold layer and bulk gold 
matrix is easy to tell. Porous gold layer is in darker color and the bulk gold matrix is 
brighter. In most cases the dark color region thickness is less than 500 nm, except in 
Figure 3.46, which may be due to the inhomogeneity in the sample. It is apparent that 
several cracks penetrated from the darker region into the brighter region. EDS scans were 
taken in the vicinity of a large crack from a different test (Figure 3.49, Figure 3.50 with 
Table 3.3 and Figure 3.51 with Table 3.4). These results suggest that this particular crack 
was injected into pure gold. However, it is not able to ascertain whether or not this crack 
developed within a grain boundary. 
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Figure 3.44. Silver gold interdiffusion sample after annealing at 900 °C for 2 min. (A) 
Cross-section close to the surface (from top to down: silver/silver gold alloy/gold). (B) 
EDS line scan from the silver region to the gold region. Interdiffusion region is between 
point 2 and point 6. Silver is shown in black and gold is shown in red. 
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Figure 3.45. Silver gold interdiffusion sample-1 after being dealloyed and bent. 
 
 
Figure 3.46. Silver gold interdiffusion sample-2 after being dealloyed and bent. 
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Figure 3.47. Silver gold interdiffusion sample-3 after being dealloyed and bent. 
 
 
Figure 3.48. Silver gold interdiffusion sample-4 after being dealloyed and bent. 
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Figure 3.49. Silver gold interdiffusion sample-5 after being dealloyed and bent. (A) 
Cross-section image with a large crack on top of the image. (B) EDS line scan away from 
the large crack. Point 1 is the first point from the right. The sample is pure gold from the 
3rd point on. Note a lot of cracks stopped at the interface. 
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Figure 3.50. EDS point scans around the large crack in silver gold interdiffusion sample-
5. The region around point 003 to point 007 can be considered as pure gold, indicating 
the crack that was initiated in the porous region penetrated into the bulk gold below the 
NPG layer.  
 
Table 3.3. EDS point scan results in Figure 3.50. 
Number Ag at% Au at% 
001 10.38 89.62 
002 22.98 77.02 
003 2.89 97.11 
004 0.89 99.11 
005 0.86 99.14 
006 1.01 98.99 
007 1.97 98.03 
008 10.02 89.98 
009 32.69 67.31 
010 11.39 88.61 
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Figure 3.51. EDS point scans in front of the large crack in silver gold interdiffusion 
sample-5. Point 1 is the first point from the right. 
 
Table 3.4. EDS point scan results in Figure 3.51. Point 1 is the first point from the right. 
Number Ag at% Au at% 
1 0.61 99.39 
2 0.48 99.52 
3 0.24 99.76 
4 0.14 99.86 
5 0.33 99.67 
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CHAPTER 4 
CONCLUSIONS 
This work examined the film-induced cleavage model in stress corrosion cracking. When 
alloys like stainless steels and noble metal alloys are exposed to corrosive environment, a 
layer of brittle film will form on the surface. Cracks initiated in the brittle layer might 
inject into the matrix and cause catastrophic failure of the whole material. By working 
with silver gold alloy, the possibility of any hydrogen-related stress corrosion cracking 
mechanisms can be ruled out. The resulting brittle layer of silver gold alloy is nanoporous 
gold, a microscopically ductile but macroscopically brittle material. 
This work focused on answering these questions: 
4. How fast does the crack travel in the brittle layer?  
5. Can such a crack be injected to un-corroded parent phase, and if so  
6. How deep is the penetration?  
Dynamic fracture tests were carried out to study how fast the crack can travel in the 
nanoporous gold layer. Crack-free monolithic nanoporous gold samples were fabricated 
under fixed potential (1.17 V vs. NHE) dealloying from Ag72Au28 in 1 M HNO3. A high-
speed camera was used to capture the propagation of the crack. Pre-notched samples were 
treated at 1.2 V and 1.4 V after dealloying. The samples treated at 1.2 V showed a 
terminal velocity of 175 m/s and those treated at 1.4 V showed a terminal velocity of 220 
m/s. 1.4 V treatment on nanoporous gold resulted in a monolayer of oxide on the surface, 
which reduced the mobility of dislocations and yielded higher terminal velocity. “Infinite 
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strip” samples were loaded to different strain energy levels and a guillotine knife was 
dropped to initiate a crack. The maximum velocity was proportional to the strain energy. 
It was found that when the traveling velocity was about 70% of the Rayleigh velocity, the 
crack showed tendency of bifurcation. Dynamic fracture tests showed that the crack 
could travel as fast as hundreds of meters per second. 
To see whether this high-speed crack could penetrate into the matrix and how deep the 
penetration would be, crack injection tests were performed on Ag77Au23 single crystal, 
Ag72Au28 polycrystal and pure gold with hand bending. Single crystal crack injection 
tests on samples that were cut at 60° from the fiducial mark showed through-thickness 
fracture. EBSD scans attempted to answer whether there was an orientation preference of 
the fracture surface. However, more data are needed on this topic. Water immersion 
between dealloying and bending could stop corrosion but at the same time cause 
coarsening of ligaments in the porous layer. 3-min water immersion could still result in 
through-thickness fracture but porous layer that underwent 90-min water immersion 
could no longer inject through-thickness crack into the matrix. Polycrystal crack injection 
tests resulted in intergranular feature dominant through-thickness fracture and any 
intermediate step between dealloying and bending would suppress the degree of crack 
injection. Bending tests on pure gold that had a thin layer of nanoporous gold showed a 
crack that was injected into pure gold. 
 
87 
 
REFERENCES 
[1] C. Edeleanu, “Crack propagation during stress corrosion,” in Physical Metallurgy 
of Stress Corrosion Fracture, T. N. Rhodin, Ed. New York: Interscience 
Publishers, Inc., 1959, pp. 79–91. 
 
[2] H. J. Engell, “The role of surface films on stress corrosion cracking of metals,” in 
The Theory of Stress Corrosion Cracking in Alloys, J. C. Scully, Ed. Brussels: 
North Atlantic Treaty Organization Scientific Affairs Division, 1971, pp. 86–104. 
 
[3] A. J. Forty, “The initiation and propagation of cracks in the stress corrosion of α-
brass and similar alloys,” in Physical Metallurgy of Stress Corrosion Fracture, T. 
N. Rhodin, Ed. New York: Interscience Publishers, Inc., 1959, pp. 99–115. 
 
[4] P. R. Swann, “Morphology aspects of stress corrosion failure,” in The Theory of 
Stress Corrosion Cracking in Alloys, J. C. Scully, Ed. Brussels: North Atlantic 
Treaty Organization Scientific Affairs Division, 1971, pp. 113–126. 
 
[5] H. L. Logan, “Film-rupture mechanism of stress corrosion,” J. Res. Natl. Bur. 
Stand. (1934)., vol. 48, no. 2, pp. 99–105, Feb. 1952. 
 
[6] D. A. Vermilyea, “A film rupture model for stress corrosion cracking,” in Stress 
Corrosion Cracking and Hydrogen Embrittlement of Iron Base Alloys, R. W. 
Staehie, J. Hochmann, R. D. McCright, and J. E. Slater, Eds. Huston: the 
Nathional Association of Corrosion Engineers, 1977, pp. 208–217. 
 
[7] K. Sieradzki and R. C. Newman, “Stress-corrosion cracking,” J. Phys. Chem. 
Solids, vol. 48, no. 11, pp. 1101–1113, 1987. 
 
[8] K. Sieradzki and R. C. Newman, “Brittle behavior of ductile metals during stress-
corrosion cracking,” Philos. Mag. A, vol. 51, no. 1, pp. 95–132, 1985. 
 
[9] N. Badwe, “Fracture of nanoporous gold,” Arizona State University, 2014. 
 
[10] L. B. Freund, Dynamic fracture mehcanics. Cambridge: Cambridge University 
Press, 1990. 
 
[11] H. Wallner, “Line structures on fracture surfaces,” Zeitschrift für Phys., vol. 114, 
no. 5–6, pp. 368–378, 1939. 
 
[12] W. G. Kerkhof, “Wave fractographic investigation of brittle fracture dynamics,” in 
Dynamic Crack Propagation, G. C. Sih, Ed. Leyden: Noordhoff International 
Publishing, 1973, pp. 3–35. 
 
 
88 
 
[13] E. N. Dulaney and W. F. Brace, “Velocity behavior of a growing crack,” J. Appl. 
Phys., vol. 31, no. 12, pp. 2233–2236, 1960. 
 
[14] B. Cotterell, “Velocity effects in fracture propagation,” Appl. Mater. Res., vol. 4, 
pp. 227–232, 1965. 
 
[15] B. Cotterell, “Fracture propagation in organic glasses,” Int. J. Fract. Mech., vol. 4, 
no. 3, pp. 209–217, 1968. 
 
[16] S. R. Anthony, J. P. Chubb, and J. Congleton, “The crack branching velocity,” 
Philos. Mag., vol. 22, no. 180, pp. 1201–1216, 1970. 
 
[17] T. L. Paxson and R. A. Lucas, “An investigation of the velocity characteristics of a 
fixed boundary fracture model,” in Dynamic Crack Propagation, G. C. Sih, Ed. 
Leyden: Noordhoff International Publishing, 1973, pp. 415–426. 
 
[18] B. Stalder, P. Beguelin, and H. H. Kausch, “A simple velocity gauge for measuring 
crack growth,” Int. J. Fract., vol. 22, no. 2, pp. R47–R50, 1983. 
 
[19] J. Fineberg, S. P. Gross, M. Marder, and H. L. Swinney, “Instability in dynamic 
fracture,” Phys. Rev. Lett., vol. 67, no. 4, pp. 457–460, 1991. 
 
[20] J. Fineberg, S. P. Gross, M. Marder, and H. L. Swinney, “Instability in the 
propagation of fast cracks,” Phys. Rev. B, vol. 45, no. 10, pp. 5146–5154, 1992. 
 
[21] K. Ravi-Chandar, “Dynamic fracture of nominally brittle materials,” Int. J. Fract., 
vol. 90, no. 1–2, pp. 83–102, 1998. 
 
[22] A. A. Griffith, “The phenomena of rupture and flow in solids,” Philos. Trans. R. 
Soc. A Math. Phys. Eng. Sci., vol. 221, pp. 163–198, Jan. 1921. 
 
[23] G. R. Irwin, “Analysis of stresses and strains near the end of a crack traversing a 
plate,” J. Appl. Mech., vol. 24, no. 361–4, 1957. 
 
[24] T. Goldman, A. Livne, and J. Fineberg, “Acquisition of inertia by a moving 
crack,” Phys. Rev. Lett., vol. 104, no. 11, p. 114301, Mar. 2010. 
 
[25] M. Marder, “Adiabatic equation for cracks,” Philos. Mag. Part B, vol. 78, no. 2, 
pp. 203–214, Aug. 1998. 
 
[26] X. Liu and M. Marder, “The energy of a steady-state crack,” J. Mech. Phys. Solids, 
vol. 39, no. 7, pp. 947–961, 1991. 
 
[27] F. Friedersdorf and K. Sieradzki, “Film-induced brittle intergranular cracking of 
silver-gold alloys,” Corrosion, vol. 52, pp. 331–336, 1996. 
 
89 
 
[28] J. S. Chen, T. M. Devine, and M. Salmeron, “Brittle fracture of Cu-30Au induced 
by a surface-layer,” J. Electrochem. Soc., vol. 139, no. 6, pp. L55–L57, 1992. 
 
[29] M. Y. He and J. W. Hutchinson, “Crack deflection at an interface between 
dissimilar elastic-materials,” Int. J. Solids Struct., vol. 25, no. 9, pp. 1053–1067, 
1989. 
 
[30] A. G. Evans and F. W. Zok, “The physics and mechanics of fibre-reinforced brittle 
matrix composites,” J. Mater. Sci., vol. 29, no. 15, pp. 3857–3896, 1994. 
 
[31] Q. H. Qin and X. Zhang, “Crack deflection at an interface between dissimilar 
piezoelectric materials,” Int. J. Fract., vol. 102, no. 2, pp. 355–370, 2000. 
 
[32] L. R. Xu, Y. Huang, and A. J. Rosakis, “Dynamic crack deflection and penetration 
at interfaces in homogeneous materials: experimental studies and model 
predictions,” J. Mech. Phys. Solids, vol. 51, no. 3, pp. 461–486, 2003. 
 
[33] T. Siegmund, N. A. Fleck, and A. Needleman, “Dynamic crack growth across an 
interface,” Int. J. Fract., vol. 85, no. 4, pp. 381–402, 1997. 
 
[34] J. F. Mandel, D. D. Huang, and F. J. McGarry, “Crack propagation modes in 
injection molded fiber reinforced thermoplastics,” Cambridge, 1980. 
 
[35] D. Stauffer and A. Aharony, Introduction to percolation theory, 2nd ed. London: 
Taylor and Francis, 1991. 
 
[36] J. Rugolo, J. Erlebacher, and K. Sieradzki, “Length scales in alloy dissolution and 
measurement of absolute interfacial free energy,” Nat. Mater., vol. 5, no. 12, pp. 
946–949, 2006. 
 
[37] K. Sieradzki, “Curvature effects in alloy dissolution,” J. Electrochem. Soc., vol. 
140, no. 10, pp. 2868–2872, 1993. 
 
[38] K. Hu, D. Lan, X. Li, and S. Zhang, “Electrochemical DNA biosensor based on 
nanoporous gold electrode and multifunctional encoded DNA - au bio bar codes,” 
Anal. Chem., vol. 80, no. 23, pp. 9124–9130, 2008. 
 
[39] Z. Liu and P. C. Searson, “Single nanoporous gold nanowire sensors,” J. Phys. 
Chem. B, vol. 110, no. 9, pp. 4318–4322, 2006. 
 
[40] A. Wittstock, J. Biener, and M. Bäumer, “Nanoporous gold: a new material for 
catalytic and sensor applications,” Phys. Chem. Chem. Phys., vol. 12, no. 40, pp. 
12919–12930, Oct. 2010. 
 
 
 
90 
 
[41] B. Jurgens, C. Kubel, C. Schulz, T. Nowitzki, B. Zielasek, J. Biener, M. M. 
Biener, A. V Hamza, and M. Baumer, “New gold and silver-gold catalysts in the 
shape of sponges and sieves,” Gold Bull., vol. 40, no. 2, pp. 142–149, 2007. 
 
[42] R. Zeis, T. Lei, K. Sieradzki, J. Snyder, and J. Erlebacher, “Catalytic reduction of 
oxygen and hydrogen peroxide by nanoporous gold,” J. Catal., vol. 253, no. 1, pp. 
132–138, Jan. 2008. 
 
[43] H. J. Jin, X. L. Wang, S. Parida, K. Wang, M. Seo, and J. Weissmüller, 
“Nanoporous Au-Pt alloys as large strain electrochemical actuators,” Nano Lett., 
vol. 10, no. 1, pp. 187–194, Jan. 2010. 
 
[44] J. Biener, A. Wittstock, L. A. Zepeda-Ruiz, M. M. Biener, V. Zielasek, D. Kramer, 
R. N. Viswanath, J. Weissmüller, M. Bäumer, and  A. V. Hamza, “Surface-
chemistry-driven actuation in nanoporous gold,” Nat. Mater., vol. 8, no. 1, pp. 47–
51, Jan. 2009. 
 
[45] S. D. Gittard, B. E. Pierson, C. M. Ha, C. A. M. Wu, R. J. Narayan, and D. B. 
Robinson, “Supercapacitive transport of pharmacologic agents using nanoporous 
gold electrodes,” Biotechnol. J., vol. 5, no. 2, pp. 192–200, Feb. 2010. 
 
[46]  A. A. Vega and R. C. Newman, “Nanoporous metals fabricated through 
electrochemical dealloying of Ag-Au-Pt with systematic variation of Au:Pt ratio,” 
J. Electrochem. Soc., vol. 161, no. 1, pp. C1–C10, Oct. 2013. 
 
[47] Y. Zhong, J. Markmann, H.-J. Jin, Y. Ivanisenko, L. Kurmanaeva, and J. 
Weissmuller, “Crack mitigation during dealloying of Au25Cu75,” Adv. Eng. 
Mater., vol. 16, no. 4, pp. 389–398, 2014. 
 
[48] R. Li and K. Sieradzki, “Ductile-brittle transition in random porous Au,” Phys. 
Rev. Lett., vol. 68, no. 8, 1992. 
 
[49] L. J. Gibson and M. F. Ashby, cellular solids: Structure and Properties, 1st ed. 
Oxford: Perganon Press, 1988. 
 
[50] J. Biener, A. M. Hodge, A. V. Hamza, L. M. Hsiung, and J. H. Satcher, 
“Nanoporous Au: A high yield strength material,” J. Appl. Phys., vol. 97, no. 2, p. 
024301, 2005. 
 
[51] C. A. Volkert, E. T. Lilleodden, D. Kramer, and J. Weissmüller, “Approaching the 
theoretical strength in nanoporous Au,” Appl. Phys. Lett., vol. 89, no. 6, p. 061920, 
2006. 
 
 
 
 
91 
 
[52] D. Lee, X. Wei, X. Chen, M. Zhao, S. C. Jun, J. Hone, E. G. Herbert, W. C. 
Oliver, and J. W. Kysar, “Microfabrication and mechanical properties of 
nanoporous gold at the nanoscale,” Scr. Mater., vol. 56, no. 5, pp. 437–440, Mar. 
2007. 
 
[53] T. J. Balk, C. Eberl, Y. Sun, K. J. Hemker, and D. S. Gianola, “Tensile and 
compressive microspecimen testing of bulk nanoporous gold,” Nanomechanical 
Test., vol. 61, no. 12, pp. 26–31, 2009. 
 
[54] N. J. Briot, T. Kennerknecht, C. Eberl, and T. J. Balk, “Mechanical properties of 
bulk single crystalline nanoporous gold investigated by millimetre-scale tension 
and compression testing,” Philos. Mag., vol. 94, no. 8, pp. 847–866, Jan. 2014. 
 
[55] H.-J. Jin, L. Kurmanaeva, J. Schmauch, H. Rösner, Y. Ivanisenko, and J. 
Weissmüller, “Deforming nanoporous metal: role of lattice coherency,” Acta 
Mater., vol. 57, no. 9, pp. 2665–2672, May 2009. 
 
[56] N. McCormick and J. Lord, “Digital image correlation,” Mater. Today, vol. 13, no. 
12, pp. 52–54, 2010. 
 
[57] L. Yang, L. Smith, A. Gothekar, and X. Chen, “Measure strain distribution using 
digital image correlation (DIC) for tensile tests,” Southfield, 2010. 
 
[58] B. Pan, K. Qian, H. Xie, and A. Asundi, “Two-dimensional digital image 
correlation for in-plane displacement and strain measurement : a review,” Meas. 
Sci. Technol., vol. 20, no. 6, p. 062001, 2009. 
 
[59] S. Sun, X. Chen, N. Badwe, and K. Sieradzki, “Potential-dependent dynamic 
fracture of nanoporous gold,” Nat. Mater., vol. 14, no. 9, pp. 894–899, 2015. 
 
[60] M. J. Buehler and H. Gao, “Dynamical fracture instabilities due to local 
hyperelasticity at crack tips,” Nature, vol. 439, no. 7074, pp. 307–310, 2006. 
 
[61] E. H. Yoffe, “The moving Griffith crack,” Philosofical Mag., vol. 42, no. 330, pp. 
739–750, 1951. 
 
[62] K. B. Broberg, Cracks and fracture. San Diego: Academic Press, 1999. 
 
